4A3391).
Introduction
The antigen retrieval (AR) technique based on high-temperature heating of tissue sections before immunostaining was introduced in 1991 (1) . This technique, derived in part from the early studies of Fraenkel-Conrat and co-workers in the 1940s (2,3) has achieved widespread utilization (4-39). Authors other than our own group have stated that "AR is a revolutionary new technique for routine immunohistochemistry" (4). A wide range of tissue antigens has been tested by a microwave (MW) AR procedure with metal, urea, Supported by the University Pathology Associates of the University of Southern Califomia, by the American Cancer Society (ACS IN-21-31), and by the Firestein-Gertz Cancer Research Fund. showed excellent retrieval throughout the pH range. Other antigens (MIB1 and ER) showed strong intensity of immunohistochemical staining at very low pH and at neutral to high pH, but a dramatic decrease in the intensity of the AR immunostaining at moderately acidic pH @H 3-6). Still others (MT1 and HMB45) showed haeasing intensity of the AR immunostaining with increasing pH, but only weak immunostaining at low pH. Among the seven buffer solutions at any given pH value, the intensity of AR immunostaining was very similar. However, Tris-HCI buffer tended to produce better results at higher pH, compared with other b d b . Although high-temperature heating is believed to be the most important factor for the AR technique, the pH d u e of the AR solution is an important co-factor for some antigens. Optimization of the AR system should therefore include optimization of the pH of the AR solution. Our results indicate that AR immunostaining of Tds-HC1 or sodium acetate buffer at pH 8-9 may be suitable for most antigens, although certain nuclear antigens show optimal staining at low pH. (1 Hkfocbem Cyrocbem 43:193-201, 1995) KEY WORDS: Immunohistochemistry; Antigen retrieval technique; Buffer solutions; pH; Monoclonal antibody; Human. or buffer solution, obtaining significant improvement of the immunostaining of routinely processed paraffin sections. Hightemperature heating of tissues is believed to be the most critical factor of AR. However, the composition of the AR solution itself has undergone scrutiny, and different AR solutions have been described as optimal for enhancement ofdfirent antigens with different antibodies (44-16,32). Recently, a series of studies conceming standardization and development of AR has been conducted in our immunopathology laboratory (11,32,37,38). We have found that in addition to high-temperature heating, the pH of the AR solution influences the degree of unmasking of epitopes. The present study was designed to investigate the effect of pH on the MW AR procedure. We tested a series of AR solutions, including buffers at various pH values, for their effect on the immunohistochemical staining reactions of nine different antigens in routinely processed paraffin sections. The findings reveal that the pH of the AR solution influences the immunostaining intensity significantly and is 193 a critical co-factor in ensuring the effectiveness of the MW AR procedure.
Materials and Methods
Strategy of Study. We designed and conducted a three-phase experiment to test seven different buffer solutions with nine different antibodies, to examine the effects of different AR retrieval conditions on immunohistochemical staining patterns. In the first phase we tested three antibodies (AE1, MIB-1, and MT1) with sodium acetate, sodium citrate, sodium phosphate, and Tris-HC1 buffers as AR solutions and found a dramatic decrease in the AR immunostaining intensity. On the basis of these preliminary findings, in the second phase we tested a complete series of sodium diethylbarbiturate-HC1 buffer (SDH), sodium phosphate-citric acid buffer (SPC), and dimethylglutaric acid-NaOH buffer (DAN) with pH values ranging from 2, 2.5, 3, 3.5, 4, 5, 6, 7, and 8 with each of the three antibodies, to explore the possible effects of varying the pH. The third phase extended the study to examine multiple buffers with a total of nine antibodies, representing a selection of cytoplasmic, nuclear, and surface antigens (Table l). The potential influence ofpH on the intensity of AR immunostaining had already been indicated in Phases 1 and 2, permitting selection of skcriticalpHvalues(2, 3, 3.5,4,6, and8)forthisfinalseriesofexperiments.
AR Solutions. Seven different buffers were freshly prepared for use as AR solutions (Eble 2). Three buffers, 0.05 M sodium diethylbarbiturate-HCI buffer (SDH), 0.05 M sodium phosphate-ciuic acid buffer (SPC), and 0.05 M dimethylglutaric acid-NaOH buffer (DAN), showed pH values of 2-9.4. These buffers were prepared exactly according to the formula without addition of acid or alkali to monitor their pH, and were used without further dilution. The remaining four buffer solutions (sodium acetate, sodium citrate, sodium phosphate, and Xis-HCI) displayed a narrower range of pH, as shown in Table 2 . We monitored the pH value by adding 12 N HCI or 2 N NaOH to obtain solutions with extended acidic or basic pH, i.e., the pH values were displayed beyond the limit ofthe standard pH range, to pH 1 or pH 10, respectively. A concentration of 0.01 M was used as the working solution for these four buffers. The pH of distilled water was 6. Hydrochloric acid (pH 1-3) or NaOH (pH 7-9) solutions were prepared by adding 12 N HCI or 2 N NaOH to distilled water drop by drop, monitored by a pH meter electrode (Orion Research, Boston, MA). The pH value was carefully measured with a pH meter before AR heating, as well as immediately after and 15 min after the AR heating procedure. All chemicals of highest purity available were purchased from Sigma (St Louis, MO).
Tissues. Routinely formalin-fixed (10% formalin for 24 hr), paraffinembedded sections of human tonsils, pancreas, lymph nodes with metastatic squamous cell carcinoma, melanoma, and breast carcinoma were obtained from file at the Norris Cancer Hospital and Research Institute or the Los Angeles County+USC Medical Center. Paraffin sections were cut at 5 pm, mounted on commercially provided charged slides for automation (Fisher Scientific; Pittsburgh, PA) and dried at 60°C in an oven for 1 hr before use.
Antigen Retrieval M W Heating Technique. The AR procedure was carried out as previously described (1) . Briefly, after routine dewaxing, rehydration, and endogenous peroxidase blocking procedures, the slides were transferred to plastic Coplin jars containing the di&rent AR solutions as described.
The jar was then heated in an MW oven for 5 + 5 min (Emerson model MT 3410%. operating at a frequency of 2450 mHz with the highest power setting 600 W). If necessary, more AR solution at the same pH value was added after the first 5 min to avoid drying the tissue sections. In every case, three Coplin jars were placed in identical central positions in the MW oven and were filled with the same volume (50 ml) of AR solution and the same number of glass slides for standardization. After heating, slides remained in the Coplin jars for an additional 15 min. The pH value of the AR solu- tion was measured immediately after the heating procedure as well as 15 min later. Finally, the slides were washed and the immunostaining procedure was performed. Temperature achieved during retrieval was 1OO' C and boiling occurred (1) .
Immunohistochemical Staining Method. The ABC detection system (Vector; Burlingame, CA) was used for immunostaining. In each case the primary antibody was employed at a higher dilution than our usual standard to enhance any differences between slides with or without pre-treatment by AR (Table 1 ) (i.e., all antibodies were diluted to the limit of detectability of antigen to provide a sensitive measurement of any AR effect). The incubation time for primary antibody was overnight at room temperature. After incubation with primary antibody, staining was completed using an automated stainer (Techmate 1000; BioTek, Santa Barbara, CA) using an ABC-based system (biotinylated horse anti-mouse antibody was used as the secondary antibody with DAB as a chromogen. Finally, the slides were counterstained with hematoxylin and mounted for examination.
The negative control slides were treated in an identical manner except that the primary antibodies were omitted.
Evaluation of Immunohistochemical Staining Results. Slides were examined using an Olympus microscope with plan-apochromatic lenses, and a halogen lamp light source. Photomicrographs were taken with an Olympus C-35 AD-Y camera with Olympus PM-CBAD exposure control unit. Kodak Gold Plus 100 film was used for color (Easunan Kodak; Rochester, NY).
Immunostained slides were evaluated in a blinded fashion by three authors (SRS, SAI, CRT) independently. The intensity of positive immunostaining was graded as + + + + , + + +, + + , + , -for extremely strong, strong, moderate, weak, and negative, respectively. A grade of f was used to represent a focal or questionable weakly positive cells in tissue sections.
Results
libles 3 and 4 summarize the results of immunostaining with different monoclonal antibodies (mAbs) by the AR technique with a variety of AR solutions at different pH values. In general, for most antigens the efficiency of AR was more a function of the pH of the solution than of the nature of the buffer employed. However, different patterns were observed, and the staining of some antigens was virtually independent of the pH of the AR solution. All negative control slides showed clear background weak or absent specific staining. Tissue loss was an issue only at very high pH (pH 10). The citrate or phosphate buffers of pH 9 showed poor preservation of morphology. At pH 10. only acetate and Tris-HC1 buffer solutions could be tested. The citrate and phosphate buffets tended to destroy the tissue sections at higher pH values. Routinely processed sections of tonsil and lymph node with metastatic squamous cell carcinoma were used for this part of the study. 
Variation in AR Immunostaining Patterns
Under the Influence of p H The AR-immunostaining patterns observed with different antibodies under the influence of pH were grouped into three different categories (Figures 1-3 ; Tables 3 and 4 ).
Type A (Stable Type). No significant variation was observed utilizing AR solutions at pH values ranging from 1 to 10 (e.g., MAbs L26, PCNA, AE1, EMA, and NSE).
Type B (V-form Type). A dramatic decrease in the intensity of the AR immunostaining was demonstrated at pH values 3 and 4 (acetate, citrate, and phosphate buffers) or pH 4-5 (Xis-HC1 buffer), or pH 4-6 (SDH, SPC, and DAN buffers) ( Table 4 ). Strong AR immunostaining results were achieved by using AR solutions at pH values above and below these critical zones (Figures 1-3 ). Two MAbs, MIB-1 and ER, were categorized into this type.
Type C (Ascending Type). In contrast to Type B, the Type C pattem showed negative or very weak focally positive immunostaining utilizing AR solutions with low pH (1-2) . The intensity of AR immunostaining then gradually improved with increasing pH values (Figures 2 and 3; Gble 3) . Antibodies MT1 and HMB45 were placed in this category.
Intensity of AR Immunostaining Achieved with Dafferent Bufler Solutions
A comparison of immunostaining intensity was carried out in a blinded fashion. There was no significant difference in the maximal intensity of staining achieved with each of the different buffer solutions ( Figure 4 ; Table 3 ). However, as indicated in Figure 1 and Gble 3, at certain pH values some buffer solutions consistently gave better results than others. In addition, as noted, not all antibodyjantigen systems behaved in an identical manner. For example, the intensity of AR immunostaining obtained with AE1 (antikeratins) using distilled water (pH 6) as an AR solution was only slightly less than the intensity obtained with the AR buffers; the keratin epitope detected by AE1 is one of the better-preserved epitopes, detectable under most conditions, albeit with various degrees of intensity. However, immunostaining for MIBl was distinctively different; strong positive immunostaining of MIB-1 was obtained with AR buffers, but only very weak positivity with distilled water (Table 3) . Strongly acidic solution (HCI, pH 2-3) or strongly basic solution (NaOH, pH 7-9), when employed as the AR solution, failed to perform as well as buffers in the corresponding pH range, with one exception: HCI, pH 1, used as AR solution showed similarly strong positive staining as that obtained with low-pH buffers (Table 3). The background was clean for all seven buffer solutions tested. 
Artifacts Induced by Use of AR Solutions of Low and HigS p H
False nuclear positivity was found in focal areas, particularly in the peripheral regions of the tissue section. However, in these cases the intensity of the false positivity was much less than that produced by specific binding of antibody ( Figure 3F ). After AR heating in solution with low pH (1-2) , the hematoxylin counterstain was often weak, even if the hematoxylin staining time was extended to 15 min. In addition, some nuclei showed granular disruption under higher magnification. Vigorous heating in buffers with high pH (9-10) produced extensive tissue loss in a few instances.
Change in p H Kilues Afier AR Heating
The pH values of all AR solutions tended to decrease after the MW heating procedure; pH changes were more marked with buffers at pH values outside of the neutral range. In general, the pH value was decreased after heating by 0.8 to 1.6 units for buffers with pH values of 1-3, 0.1-0.3 for pH 5-7, and 0.3-1.0 for pH 8-10. Tris-HCI buffer showed the most marked pH change, from 1.6 to 1.9 with an average of 1.8, throughout the whole pH range. Distilled water tended to show an increased pH after heating, with an average increase in pH value of 1.5. The HCl solution (pH 1-3) showed a decrease in pH value ranging from 1.3 to 1.6, and the NaOH solution a decrease of 0.5-0.8.
Discussion
The AR technique was developed on the basis of a series of biochemical studies that described the crossreactions between proteins and formalin, published in 1340s by Fraenkel-Conrat and co-workers (2.3). This work indicated that the cross-linking of protein produced by formalin fixation may be reversed by high temperature or by strong alkaline hydrolysis. Although our understanding of ---CC
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Figure 2. Schematic diagram of the three patterns of pH-influenced AR immunostaining. Line A (pattern of Type A) shows a stable pattern of staining with only a slight decrease in staining intensity between pH 3 and pH 6. Line B (pattern of Type B) shows a dramatic decrease in staining intensity between pH 3 and pH 6. Line C (pattern of Type C) exhibits an ascending intensity of AR immunostaining that correlated with increasing pH value of the AR solution. Circle (right) indicates the advantage of using an AR solution of higher pH value.
the formalin fixation process remains incomplete, studies in our laboratories have confirmed the beneficial effect obtained by either heating at high temperature or strong alkali (NaOH-methanol) to enhance immunostaining of routinely processed paraffin sections or celloidin-embedded tissue, respectively (1.40). Paradoxically, the AR technique employing heating of tissue sections in AR solution appears to take advantage of the fact that the cross-linkage of protein produced by formalin fixation may "protect" the modified epitopes from denaturation during the heating phase. Mason and colleagues (41) demonstrated that significant denaturation of proteins occurred at temperatures of 70-9O0c in unfixed, purified proteins, whereas similar temperatures had virtually no adverse effect on formalin-fixed proteins. This critical principle appears to apply to tissue sections subjected to immunohistochemical staining. For example, in our study a strong endogenous peroxidase reaction was observed in formalin-fixed, paraffin-embedded tissue sections of bone marrow and placenta after the high-temperature AR procedure, whereas our work in frozen sections has shown that even brief exposure of unfixed sections to heat completely abolishes endogenous peroxidase activity. Similarly, many other antigens are denatured when non-fixed tissues are heated. The fact that heating is the most important component of the AR process was also demonstrated by our initial study in 1991 (I), in which we showed that a conventional oven could be used in lieu of an MW oven and that distilled water could be used as the AR solution, albeit with less effect. Recent studies conducted by Leong and have provided further data confirming the critical role ofthe heating phase. In particular, Munakata and Hendricks (42) demonstrated that extended heating time may be required to obtain optimal AR immunostaining result for tissue sections "over-fixed" in formalin.
However, in addition to high-temperature heating, it has be- come apparent that the composition of the AR solution used to immerse the slides may also be important (11). After the first AR solution, a metal solution that had the disadvantage of potential toxicity, several other AR solutions were developed, achieving enhanced antigenicity with a variety of different antibodies (4-8,  10-12,32) . Toxicity is less for these buffers than for heavy metal solutions, especially as molarity is very low. Nevertheless, the usual procedures of gloving and masking should be observed for MW use. Among these AR solutions, sodium citrate buffer (0.01 M, pH 6) has been widely acclaimed for its ability to enhance immunostaining with many antibodies by Cattoretti Leong and Milios ( 5 ) , and Gown and co-workers (4). The question has been raised as to whether the improved immunostaining results from a particular pH value or from the chemical nature of the buffer. As noted above, even the use of distilled water, with no buffering property and neutral pH, may produce a marked improvement in immunostaining for some antibodies. Gown et al. (4) pointed out that in their opinion some combination of heat and an acidic environment is required for AR, but the choice of buffer may not be critical. A comparative study, using a variety of buffer solutions with a series of pH ranges, was therefore designed to shed light on these unresolved questions. The current study demonstrates that the pH value of AR solution is an important factor, more important than the composition of the buffer per se, particularly for nuclear and cell surface antigens. In general, three types of AR immunohistochemical staining reactivity were noted under the influence of pH (Figures 1-3; Tible 3) . Type A, good retrieval at all pH values, may represent antigens that are quite resistant to the adverse affects of formalin fixation. Some of these antigens showed positive immunostaining even without AR, and many can be stained without AR by progressively increasing the concentration of the primary antibody, although at the cost of troublesome background staining. When AR immunostaining was used, these antigens showed a stable increase of intensity with a variety of AR solutions across a broad pH range, with only slightly diminished intensity at pH 4-6. By contrast, Type Band Type C displayed poor AR results with AR solutions of intermediate (Type B) or low pH (Type C). Although the mechanism by which buffers with different pH values influence the efficiency of the AR process is not clear, the fact that dramatic differences in intensity of staining were observed has significant practical implications (Figure 2) .
The importance of improving standardization of immunohistochemical procedure has been emphasized by Taylor (18) and is receiving sustained attention from the Food and Drug Administration and others (37) . In this context, it can be recommended that an AR solution at high pH should be employed for most of the antibodies used in surgical pathology. As shown in Figures 2-4 , AR solutions of high pH produce satisfactory results for all antibodies tested. The only potential drawback of AR solutions with high pH is the extent of damage to the tissue section after heating with a strongly alkaline solution, particularly when more NaOH is added. However, both Tris-HC1 and sodium acetate buffers can be used at pH 9, and these provide satisfactory preservation of morphology. In particular, the %is-HC1 basic buffer does not require the addition of NaOH to obtain high pH values.
For nuclear antigens, the strongest AR immunostaining results were achieved with AR solutions with low pH (Figures 3 and 4) . However, the results at high pH were almost equivalent in intensity and quality. In addition, at very low pH values there was a tendency for focal weak nuclear staining (false-positive). In other studies, AR solution with low pH was especially helpful in AR for attempts to enhance weakly immunoreactive antigens, e.g., staining for androgen receptor in formalin-fixed tissue sections (unpublished observation).
On a theoretical basis, these observations further support the concept that loosening or breaking the cross-linkages caused by formalin-fixation is the basic mode of action of the AR-technique (1,11,40) . In some respects we find it useful to regard antigen retrieval as an "unfixation" process (37). Fraenkel-Conrat and Olcott (43) demonstrated that during formalin fixation the formation of condensation products by primary amides, or by primary and secondary amines, is a pH-dependent chemical process. Fraenkel-Conrat et al. (2,3) reported a series of experiments to reveal the methylol configuration, and the location of the methylol groups, during the cross-linkage of formalin-protein. For example, they described that treatment of methylol gramicidin with hot aqueous sulfuric acid liberated one fifth to one third of the formaldehyde bound by gramicidin. The three different types of pH-influenced AR immunohistochemical staining observed in the present study may reflect differences in complexity of the three-dimensional structure of protein antigens, as well as the patterns of cross-linkage between peptides and formaldehyde, as indicated by Fraenkel-Conrat et al. (2,3,43 ). Wu et al. (44) emphasized the important role of MW in acid catalysis of the reaction of peptide hydrolysis. They also demonstrated that the conditions of hydrolysis and the cleavage of peptide varied with differences in the molecular structure of the protein.
The critical influence of pH in AR immunohistochemistry may provide an explanation for reported inconsistencies in AR immunostaining results obtained using certain AR solutions of unknown pH value or using distilled water, which shows changes in pH value after heating. For example, several discrepancies in the intensity of AR immunohistochemical staining have been described by different investigators using the same lead thiocyanate as the AR solution (1,6,7,9,10,11,13,21,32,45) .
%is-HC1 buffer showed a somewhat different pattem compared with other buffers utilized in this study (Figure 1 ; Table 3 ). It also manifested a different change of pH value after heating as described above. These findings may indicate that some chemical component of the AR solution may also serve as a co-factor in influencing the AR immunostaining result. The observation that different chemicals, including metal solutions, urea salts, and buffers, show ddferent variations supports the need for further studies to explore these and other factors, such as temperature, method of heating, time 6 (B,E,H,K), and pH 8 (C,F,I,L) . In general, the intensity of staining was as follows: pH l>pH 8>pH 6 (see Table 4 ). DAB was the chromogen and hematoxylin the counterstain. Original magnification x 40. Bar = 50 pm. of heating, and molarity of the AR solution (39,46,47) , to develop a more standardized approach to antigen retrieval and thus to immunohistochemistry.
